We quantify the influence of oil-base mud-filtrate invasion and formation fluid properties on the spatial distribution of fluid saturation and electrical resistivity in the near-wellbore region. The objective is to appraise the sensitivity of borehole resistivity measurements to the spatial distribution of fluid saturation resulting from the compositional mixing of oil-base mud (OBM) and in-situ hydrocarbons.
Introduction
In general, OBM increases drilling rates and provides better quality boreholes than when drilling with water-base mud (WBM). In oil-base muds, the continuous fluid phase is a mixture of liquid hydrocarbons. This continuous phase dominates the process of invasion and mixes with formation fluids. Water is also present in the form of an emulsion. Chemical emulsifiers/surfactants are added in the mud to prevent water droplets from coalescing and leaving the emulsion (Bourgoyne Jr. et al., 1986) and to ensure that the weighting material is wetted by oil (Skalli et al., 2006) . Calcium or magnesium fatty acid soaps are typically used as emulsifiers.
Array-induction resistivity measurements are almost invariably acquired in OBM environments. Such measurements exhibit several radial lengths of investigation, typically from 10 inches to 90 inches and, in some cases, 120 inches. The variability of resistivity curves exhibiting different lengths of investigation is, in most cases, a footprint of mudfiltrate invasion. When array-induction measurements are acquired in the presence of WBM, large separation of resistivity curves and deep invasion can be expected due to monotonic change of formation resistivity. Ideally, we would not expect such a behavior in the presence of OBM. However, in hydrocarbon zones OBM-filtrate can replace native hydrocarbon and movable water, thereby resulting in an invasion front with different resistivity values in the nearwellbore region (La Vigne, et al., 1997) . Moreover, invading mud filtrate is miscible with native oil. In the mixing process, OBM causes changes of fluid density and fluid viscosity, thereby modifying the apparent oil phase mobility in the invaded zone (Malik et al., 2007) .
The objective of this paper is to quantify the effect of fluid properties (density and viscosity) and composition on arrayinduction measurements acquired in the presence of OBMfiltrate invasion. Special attention is given to the presence of surfactants in the OBM. Previous laboratory experiments with core samples (Van, et that surfactants greatly change the wettability of sandstone cores from a strongly water-wet to an oil-wet condition. Most of these effects were inferred from changes of contact angle that caused a reduction of interfacial tension.
Our study is centered about measurements acquired in a North-Sea well penetrating clastic rock formations. The well was drilled with OBM, whereas resistivity measurements were acquired with the array-induction imager tool (AIT 1 ). We select three depth intervals that exhibit distinct invasion behavior at different depth intervals in the formation. Additionally, we give a detailed background of the method used to simulate the process of OBM-filtrate invasion and the associated array-induction resistivity measurements. A base case with high initial water saturation is used to perform several sensitivity analyses that quantify the influence of formation fluid properties and mud components. A second example allows us to perform sensitivity analyses with a lighthydrocarbon depth interval subject to invasion with OBM that includes an emulsified surfactant. The third example includes a gas-saturated interval close to irreducible water saturation. Finally, we perform the simulation of OBM-filtrate invasion in a long depth interval encompassing a complete capillary transition zone from light oil at the top to water at the bottom.
Geological Description and Depositional System
The field case considered in this work corresponds to a Paleocene sandstone dome located in the Central North Sea (Martin et al., 2005) . The field comprises an average of 60 m of a gas cap with a gas/oil ratio of 871 scf/bbl and 58 m of an oil-saturated column with a gravity of 40 o API followed by an active aquifer (BP, 2003) . Preserved Paleocene strata in the North Sea show siliciclastic sediments with minor amounts of coal, tuff, volcaniclastic rocks, marls, and reworked carbonate sediments (Ahmadi et al., 2003) . During the early Paleocene, submarine fans developed the faulted basin margins in the west, spread out, and overlapped to form near-continuous sandstone bodies. The specific formation under analysis is predominantly composed of non-calcareous, blocky grey mudstones interbedded with sandy, high-density gravity-flow deposits and minor volcaniclastic rocks. An estimated 35% of net sand volume makes this formation one of the most sandprone systems of the Paleocene formations in the region. Rock units within the formation consist of alternations of fine-to medium-grained, or in some cases, coarse-grained sandstone with common mudstone and chalk clasts. Porosity (φ) ranges between 20% and 28% while permeability (k) varies from 50 md in low-porosity zones to 1,000 md in high-porosity intervals. Figure 1 is a plot of core permeability versus core porosity, showing Windland's r 35 (critical pore-throat radius) curves (Pittman, 1992) along with k/φ  iso-lines. This plot indicates that the formation consists of high-quality rock units with pore-throat radii above 2 μm and k/φ  ratios above 200 md/p.u.
Petrophysical Analysis of Field Measurements
The upper section of the formation corresponds to gassaturated interbedded sandstones. In the intermediate section, 1 Mark of Schlumberger the well penetrates thick sand bodies partially oil-saturated toward a capillary transition zone. The lower depth interval of the formation reaches an active aquifer. Routine core measurements of porosity and permeability are available for the complete hydrocarbon interval as well as for several locations within the water zone. This well provides a textbook example of an ideal hydrocarbon reservoir. It shows a gas cap at the top, followed by an oil column penetrating a capillary transition zone toward the free water-oil contact (WOC).
Water Saturation. Relatively clean sandstones with low water saturation (S w ) at the top and high S w downward compose the formation. Therefore, we used Archie's (1942) 
where r is radial distance from the wellbore, z is vertical distance with respect to the top of the formation, R t is true formation resistivity, R w is connate water resistivity, m and n are Archie's cementation and saturation exponents, respectively, and a is the tortuosity factor. Table 1 describes the input parameters used to calculate initial water saturation using Archie's equation. Such parameters were obtained from laboratory measurements performed on core samples and fluid samples withdrawn from the formation.
Shaliness, Porosity, and Permeability. In order to diagnose the type of shale distribution across the formation, we applied Thomas and Stieber's (1975) method to both gamma-ray measurements and computed total porosity. Figure 2 shows the Thomas-Stieber cross-plot indicating that dispersed shale is the dominant type of shale distribution in the formation under analysis. Routine core measurements of porosity and permeability are available in the well. Therefore, we calculated core-calibrated curves of porosity and permeability. Effective porosity was calculated from density and neutron measurements by accounting for the presence of two fluids (oil/gas and water) and two minerals (quartz and clay) in the porous medium. Permeability was calculated via a modified Timur-Tixier equation from porosity and irreducible water saturation (Salazar et al., 2006) . We specialized the equations for specific intervals of the formation with calibration of porosity-permeability measurements. The coefficient and exponents of the equations were estimated via multi-linear least-squares regression. Figure 3 shows well logs (gamma ray, caliper, AIT, density and neutron) for each case where we can diagnose the corresponding invasion behavior. Finally, we model a very long depth interval (8527 ft -8806 ft) that includes both the end of the gas zone and the aquifer. The objective is to model the complete capillary transition zone using a simple binary OBM-filtrate invasion model and to study the corresponding effect on arrayinduction resistivity measurements. Figure 4 shows the results obtained from petrophysical analysis. We observe that the water saturation curve resembles a typical capillary pressure curve as a function of depth.
Cases of

Composition of Fluids
With the main objective of performing sensitivity analyses of fluid properties, we assume different compositions of both formation oil and mud filtrate accross different depth intervals in the formation. We also consider presence of irreducible and movable water in these depth zones. (Bourgoyne Jr et al., 1986) . In this paper, we assume a generic surfactant (henceforth referred to as EMUL) composed by stearic acid (La Scala et al., 2004; Lide, 2007) , which is a chain of 18 carbon atoms. Table 3 summarizes the pseudo-properties of both the lumped hydrocarbon components and the emulsified surfactant (Lide, 2007) .
Hydrocarbon
Numerical Simulation of the Process of Oil-Base Mud-Filtrate Invasion
We approach the simulation of the process of OBM-filtrate invasion with two different simulators. In both cases, we assume axial-symmetrical formation properties with respect to the axis of a vertical borehole. Simulations enforce boundary and source flow-rate conditions on specific depth segments along the wellbore. The outer, lower, and upper limits of the formation consist of impermeable zones with no-flow boundary conditions. We consider simulation cases with both water-free and water-emulsified OBM. Therefore, salt concentration is considered constant across the formation and equal to that of connate water.
UT-FET.
In order to construct the base case, we initially use an implicit-pressure explicit-concentration (IMPEC) numerical simulator (Malik et al., 2007) , implemented with the University of Texas' Formation Evaluation Toolbox (UT-FET) (Wu et al., 2005 , Ramírez et al., 2006 . Both mud filtrate and formation oil are described with a binary compositional formulation to ensure minimum computation time. All components of OBM-filtrate and formation oil are lumped into two pseudo-components. The UT-FET is only used to perform the calibration of petrophysical properties to be used as input to the simulation of several sensitivity analyses of fluid properties. We apply the same simulation method to a long depth interval in the case study that considers a capillary transition zone with gas at the top and water at the bottom.
CMG-STARS.
A commercial adaptive-implicit formulation simulator, known as STARS 3 (CMG, 2006) , is used to perform the sensitivity analysis of fluid properties. The software STARS is an advanced three-phase multi-component fluid-flow simulator with the capability of simulating the flow of emulsions and foams in porous media. With this simulator, we are able to treat the OBM-filtrate as a multi-component fluid containing oil and water emulsified within the oil with surfactants. Formation hydrocarbon is also considered a multicomponent fluid in which we account for presence of gas. Previous simulation exercises reported by Malik et al. (2006) indicated successful benchmarking between UT-FET and CMG-STARS. Hence, for the purposes of this paper, we perform the sensitivity analyses using the base case previously constructed with the UT-FET. Another advantage of using STARS is the remarkable reduction of computation time.
The geometry used to simulate all the cases of study consists of a finite-differences grid with nodes logarithmically spaced in the radial direction (50 nodes). The wellbore radius is equal to 0.51 ft and the external radius is 2000 ft. A logarithmic radial grid allows us to properly reproduce the rapid space-time variations of pressure and component concentrations in the near-borehole region. Along the vertical direction, grid nodes are uniformly spaced at 0.5 ft intervals.
We use the parametric equations proposed by Brooks and Corey (1964) to define capillary pressure (P c ) and relative permeability (k ri ) curves. Laboratory core data were not available for oil-water or gas-liquid systems. Therefore, typical exponents and coefficients for this type of formation were used in the simulation. In selecting the Brooks-Corey parameters, we also accounted for the fact that rock wettability was altered (Yan and Sharma, 1989; Skalli et al., 2004) when invading the formation with OBM. Initially, the rock formation under analysis was assumed water-wet. As the OBM invasion started, rock wettability changed to preferentially oil-wet. Hence, the critical value of saturation where relative permeability of oil is equal to that of water is less than 50%. Table 4 summarizes the parameters used in the Brooks-Corey model for the simulations of OBM-filtrate invasion considered in this paper.
Flow Rate of Invasion. In the process of OBM-filtrate invasion, the flow rate (q mf ) is a rather uncertain parameter. It depends on both mud properties and formation properties (permeability, porosity, water saturation, capillary pressure, and relative permeability). Our initial estimate of flow rate is based on the approach used by Malik et al. (2007) . In turn, such an approach is based on the procedure advanced by Wu et al. (2005) to simulate water-base mud-filtrate invasion and considers the interplay between mudcake and formation properties to estimate the flow rate of invasion. We simulate array-induction resistivity measurements in a field base case assuming that the formation is invaded with WBM. Once we reproduce the resistivity measurements, we use the average flow rate of WBM invasion as the initial estimate of flow rate of invasion for the simulation of OBM-filtrate invasion. Subsequently, we adjust the rate as needed to reproduce borehole resistivity measurements. This procedures yields physically consistent flow rates of OBM-filtrate invasion. Table 5 describes the additional formation and fluid properties necessary to simulate the process of OBM-filtrate invasion.
Simulation of Induction Resistivity Measurements.
From the simulation of OBM-filtrate invasion, we obtain spatial distributions (radial and vertical directions) of water saturation. Subsequently, we use Archie's equation to calculate electrical resistivity at each gridblock assuming that electrical resistivity of formation water is not altered during the process of invasion. Finally, we simulate array-induction resistivity measurements from the spatial distribution of electrical resistivity. In order to perform the simulation of resistivity measurements, we assume 2D axial-symmetry of electrical resistivity, where current loop sources are located at the center of the borehole. We use the Numerical-Mode Matching Method (NMM) to simulate electrical resistivity measurements (Chew et al., 1984; Zhang et al., 1999) .
In summary, the algorithm is initialized with the fluid-flow simulation of OBM invading porous media, which is coupled to the NMM code to simulate borehole resistivity measurements.
Field Studies
We begin the simulation of mud-filtrate invasion with Case No. 1. The objective is to estimate the initial flow rate of invasion by matching array-induction resistivity measurements. This task was accomplished with the UT-FET. Table 2 shows the average petrophysical properties used as inputs to the simulation.
Calibration Case. At the outset, we assumed that the invasion took place with fresh WBM and calculated the flow rate of invasion (Wu et al., 2005) . Then, we used the calculated initial flow rate as input to the simulation of OBM-filtrate invasion (Malik et al., 2007) . To that end, we assumed that the formation was saturated with movable and irreducible water and liquid hydrocarbons lumped into the single component C 7 C 18 . On the other hand, OBM-filtrate was described with hydrocarbons in the range of C 14 to C 18 lumped into a generic MC 16 component. This fluid mixture is often referred to as a binary component mixture. Table 3 describes the properties of both formation and filtrate fluids. In order to secure a good match between field and simulated resistivity measurements, we modified capillary pressure, relative permeability, and flow rate of invasion, and performed the simulation of invasion several times. While modifying the latter parameters, we accounted for changes of wettability undergone by the rock formation while being invaded with OBM. Table 4 describes the Brooks-Corey parameters for capillary pressure and relative permeability used to match resistivity measurements. Figure 5 describes the spatial distributions (radial and vertical directions) of water saturation and electrical resistivity calculated after 60 hours of OBM-filtrate invasion. Figure 6 compares field with simulated AIT resistivity curves calculated after the simulation of invasion along with the average horizontal permeability and matching flow rate of invasion. Simulated array-induction resistivity measurements agree well with field measurements. The average flow rate necessary to reproduce measured apparent resistivity curves was approximately 0.24 ft 3 /d/ft with a radial length of invasion approximately equal to 1.8 ft. This flow rate was used as the initial flow rate (q mf o ) of invasion throughout the sensitivity analyses. We remark that the above simulations assumed a single-layer homogeneous formation.
For the sensitivity analyses, we considered presence of surfactants in the OBM. Moreover, gaseous hydrocarbons were included as pseudo-components of formation fluid. Because of such conditions, we also performed the corresponding calibration case with CMG-STARS. Figure 7 compares the radial distribution of simulated density, viscosity, water saturation, and electrical resistivity obtained with both FET and STARS. All input properties and parameters were assumed the same for the two simulators, including petrophysical and fluid properties, time of invasion, flow rate, and formation pressure. Results obtained with the two simulators agree well with each other, thereby confirming the reliability of the STARS simulator for the cases under consideration.
Sensitivity Analysis. We used STARS to perform analyses of the sensitivity of the process of invasion to fluid properties for each case based on different assumptions. First, we quantified the sensitivity of apparent resistivity measurements to native oil viscosity and density. Second, we made perturbations of native oil viscosity and capillary pressure while assuming OBM an emulsion that included oil, water, and surfactants. The first two sensitivity analyses were performed for Case No. 1 only. Finally, we moved upward in the formation (Cases No. 2 and No. 3) and performed sensitivity analyses to initial water saturation and flow rate of invasion in multi-component light oil and gas zones subject to invasion with emulsified OBMfiltrate. An additional case of study consisted of simulating a long capillary transition zone using a simple binary formulation for compositional fluid mixing. All the simulations assumed 60 hours of invasion.
Sensitivity to Formation Oil Viscosity and Mass Density. We simulated Case No. 1 using a simple binary formulation for compositional fluid mixing. For the base case, viscosity of native oil pseudo-component (C 7 C 18 ) was equal to 1.0 cp and mass density was equal to 40.2 lb/ft 3 . The OBM-filtrate (MC 16 ) viscosity was equal to 1.5 cp and density equal to 45.7 lb/ft 3 . Each perturbation for a given property was performed separately. Formation oil viscosity was changed to 15 and 0.3 cp, respectively, whereas density was modified to 55.5 and 25.5 lb/ft 3 , in that order. Figure 8 shows radial distributions of electrical resistivity calculated for each perturbation. We observe that resistivity increases close to the borehole wall, while asymptoting toward R t (initial water saturation conditions) radially deeper into the formation. This behavior is due to the relatively large volume of movable water that is displaced by mud filtrate. Irreducible water saturation was approximately 8% and initial water saturation was approximately 36%. Therefore, the large capillary transition zone causes a radially smooth invasion front. Figure 9 shows the corresponding simulated AIT measurements for each perturbation. The most remarkable conclusion of this analysis is that for the case of higher viscosity, mud-filtrate moves faster into the formation, thereby increasing the electrical resistivity in the near-wellbore region. Thus, we observe larger separation of apparent resistivity curves than for the case of no perturbation. Changes of fluid density do not entail a measurable difference on the radial length of invasion. Likewise, array-induction resistivity curves are less affected by gravity in the presence of high-density hydrocarbons than in the presence of low-density hydrocarbons, as indicated by their symmetric behavior within a particular layer.
Sensitivity to Formation Oil Viscosity and Capillary Pressure with Emulsified OBM. Case No. 1 was simulated assuming that OBM contained water and emulsifier surfactant (EMUL). We assumed that water and EMUL were two new components of the original OBM. The molar fraction for each component was 0.1 water, 0.4 EMUL, and 0.5 MC 16 . Viscosities were 1 cp for water and 20 cp for the surfactant.
This analysis was performed with simultaneous variations of formation oil viscosity (15 and 0.3 cp) and maximum capillary pressure (7 and 1 psi). The high value of P c (capillary pressure) was obtained with the Brooks-Corey parameters shown in and e p (empirical exponent for pore size distribution) equal to 35. The latter values resulted in a sharper P c curve that was associated with a rock that exhibited large critical pore-throat radii (>2 μm) and a relatively lower interfacial tension between water and oil than in the base case without surfactants. The objective of performing sensitivity analyses with very low capillary pressure was to quantify the effect of decreasing the interfacial tension because of presence of surfactants in the OBM (Skalli et al., 2006) . Figure 10 shows radial distributions of water saturation and electrical resistivity associated with each perturbation. Figure 11 displays the AIT resistivity measurements simulated from the spatial distributions of electrical resistivity. For the case of high capillary pressure, we observe the same behavior as in the previous example. However, electrical resistivity is slightly higher in this case. Lower capillary pressure causes a remarkable increase of electrical resistivity near the borehole. Such behavior is due to presence of surfactants in the OBM, which reduce the influence of capillary forces due to the reduction of interfacial tension.
Sensitivity to Initial Water Saturation and Flow Rate of Invasion with Emulsified OBM.
Case No. 2 was the base case for this analysis. We used the same OBM composition as in the previous example. The formation was saturated with verylight hydrocarbon pseudo-components, namely, C 4 C 6 and C 7 C 18 , with molar fractions of 0.7 and 0.3, respectively. Initial water saturation (S win ) was approximately equal to 23% and Brooks-Corey's parameters for capillary pressure were those that gave lower values of P c in the previous example. We changed S win to 18% and 28%, and flow rate to 0.96 (4q mf o ) and 0.06 (q mf o /4) ft 3 /d/ft. This case was also simulated assuming a water-and surfactant-free OBM. Figure 12 describes the spatial distributions of water saturation and electrical resistivity calculated after 60 hours of OBM-filtrate invasion for base Case No. 2. Water saturation increases above S win approximately at 1.5 ft radially away from the borehole, which is responsible for the presence of a low-resistivity annulus in the zone. This annulus is more evident in Figure  13 , where we show radial distributions of water saturation and electrical resistivity separately for each perturbation. With a surfactant-free mud, the annulus vanishes and is similar to the case of very low flow rate of invasion with emulsified OBM. Figure 14 shows the corresponding AIT resistivity measurements simulated from the spatial distributions of electrical resistivity. Larger separation of apparent resistivity curves is observed in the cases of high flow rate of invasion and high initial water saturation than in the cases of low S win and low q mf . In general, presence of surfactants causes larger variability of the simulated apparent resistivity curves.
Sensitivity to Flow Rate of Invasion with Emulsified OBM Invading a Gas-Bearing Formation. In Case No. 3, fluids saturating the formation consist mainly of gas and very light oil. Mole fractions of gaseous pseudo-components were 0.7 N 2 C 1 and 0.3 C 4 C 6 . On the other hand, the mole fraction of liquid components was 0.5 for both C 4 C 6 and C 7 C 18 , respectively. Case No. 3 was located in the upper depth section of the formation and its initial water saturation (18%) was close to irreducible water saturation (8%). Capillary pressure parameters were the same as those used in the previous example. We changed the flow rate of invasion to 0.96 ( Figure 15 shows the spatial distributions of water saturation and electrical resistivity calculated after 60 hours of 10q mf o of mud-filtrate invasion. Presence of a low-resistivity annulus is noteworthy as well as deep invasion due to the exaggerated flow rate. Figure 16 shows radial distributions of water saturation and electrical resistivity associated with each perturbation. The higher the flow rate the lower the resistivity in the annulus region and the deeper its radial location away from the wellbore. For the simulation with water-and surfactant-free OBM, the annulus zone was negligible. Figure 17 shows the simulated AIT apparent resistivity measurements where we observe large separation of resistivity curves caused by the higher flow rate of invasion. The difference between simulated AIT measurements with and without presence of surfactants was not significant. Such a behavior is due to the low initial water saturation under a low flow rate of invasion; the annulus is relatively shallow, thereby not affecting the array-induction resistivity measurements.
Simulation of Invasion in a Capillary Transition Zone. The simulation in the capillary transition zone (8527 ft -8806 ft) assumed the same conditions as those of the calibration case, that is to say, single OBM-filtrate and native oil pseudocomponents (binary formulation), and the same Brooks-Corey parameters for capillary pressure and relative permeability. This example was constructed using 12 petrophysical layers with vertical grids spaced at approximately 1.9 ft intervals. Most of the layers were very thick (>15 ft) with four thin layers (<5 ft) to account for laminated sands and intercalated shales. Figure 18 shows the spatial distributions of water saturation and electrical resistivity calculated after 60 hours of mud-filtrate invasion. These distributions show that water saturation increases toward the bottom of the formation within the capillary transition zone. Figure 19 shows the corresponding measured and simulated AIT resistivity curves along with curves of layer-by-layer flushed-zone and virginzone resistivity obtained from the simulation of OBM-filtrate invasion. We observe separation of apparent resistivity curves in the thicker sands, with the separation more pronounced in the water region at the bottom of the formation.
Discussion
We studied the influence of several fluid properties on arrayinduction resistivity measurements in a well drilled with OBM. The formation under analysis included a long hydrocarbon column with a gas cap at the top, followed by a condensate and oil interval in a capillary transition zone with an underlying active aquifer. Detailed petrophysical analysis allowed us to select depth intervals invaded by OBM-filtrate as indicated by the separation of array-induction resistivity curves. An oil interval in the capillary transition zone was used as the calibration case to construct the invasion model. Morever, sensitivity analyses were carried out based on separate perturbations of density and viscosity of native oil and flow rate of mud-filtrate invasion. Additional sensitivity analyses to capillary pressure and initial water saturation allowed us to study the effect of wettability and saturation zones on resistivity measurements acquired across the formation. Both OBM and native oil were initially simulated assuming a single component for each fluid. Subsequently, we treated the OBM as an emulsion by adding water and surfactants. We also modeled multi-components and lighter hydrocarbons as part of native formation fluids.
In the calibration case, we observed that water saturation decreased in the near-wellbore region because of presence of OBM-filtrate invading the formation. The reduction of S w entailed an increase of electrical resistivity. Sensitivity analyses to native oil viscosity and density indicated that viscosity exerted a measurable control on the spatial distribution of water saturation, thereby affecting the spatial distribution of electrical resistivity. The effect of fluid density on water saturation and resistivity was relatively less significant on the simulated apparent resistivity curves. In the case of large viscosity of native oil, invasion caused a high electrical resistivity zone in the near-wellbore region due to the reduction of fluid mobility of the native oleic phase. Therefore, because mud-filtrate mobility was higher than that of formation fluids, OBM-filtrate penetrated faster into the porous medium. When emulsified surfactants were added to the OBM, we observed a similar behavior. However, when we decreased the capillary pressure, electrical resistivity abruptly increased in the radial zone close to the wellbore. The assumption of low capillary pressure was made in order to quantify the corresponding reduction of interfacial tension between oil and water caused by presence of surfactants in the mud. In low interfacial-tension environments, capillary forces opposing the invasion decrease and, in some cases, cause reduction of residual saturation and increase of relative permeability (Dawe and Grattoni, 1998) , thereby allowing the OBM-filtrate to move more freely into the formation (La Vigne et al., 1997) .
The example of a very light hydrocarbon zone allowed us to perform additional sensitivity analyses to appraise the effect of the flow rate of invasion and saturation zones on the simulated apparent resistivity curves. We assumed low capillary pressure and presence of emulsified OBM (which in general exhibits a larger viscosity than a single-component drilling fluid). When the OBM-filtrate invaded the formation, it rapidly displaced the movable water thereby creating a radial zone with S w greater than S win . The large viscosity contrast between the light hydrocarbon and the OBM together with the low initial water saturation created the necessary conditions to form a radial water bank. In turn, the latter water bank was responsible for the presence of an electrically conductive annulus in the invaded zone. Such annulus affected the behavior of the AIT resistivity measurements. The corresponding effect on resistivity measurements depended on the magnitude of the flow rate of invasion as well as on initial water saturation. Large values of q mf and S win entailed a significant separation of array-induction resistivity curves. We note that oil saturation abruptly increases in the nearwellbore region, which now becomes an oil-wet rock, whereupon Archie's saturation exponent (n) is no longer constant in the radial direction (Donaldson and Siddiqui, 1989; Dawe and Grattoni, 1998) and this affects the calculation of electrical resistivity. In our analysis, we observed that, when surfactants were not present in the OBM, the resistivity annulus did not ensue. On the other hand, when the formation was gas-bearing, the annulus was more pronounced even within low water-saturation zones. The radial location of the annulus depended on the flow rate of invasion: the larger the flow rate the deeper the radial location of the annulus, thereby causing larger variability of the array-induction resistivity curves. In some cases, the intermediate-sensing resistivity curves were sensitive to the annulus region as indicated by their relatively low values compared to those of the deepestsensing curves.
Based on the field study and the sensitivity analyses described above, we constructed a final synthetic example of a 16-ft clastic formation with effective porosity equal to 25%, irreducible water saturation equal to 8%, horizontal permeability equal to 446 md, and vertical permeability equal to 223 md. The objective was to perform simulations of invasion of emulsified OBM in the formation at different water saturation conditions. Invasion flow rate was assumed equal to 0.96 ft 3 /d/ft (4q mf o ). Initially, the top of the formation was assumed in the gas zone (8329 ft, S win =18%), then in an oil zone (8600 ft, S win = 36%), and finally in the aquifer (8770 ft, S win =100%); formation temperature and pressure were modified accordingly. Figure 20 shows radial distributions of water saturation and electrical resistivity for each value of S win , where we observe that the higher the initial water saturation, the more discontinuous the radial invasion front. We also observed that the viscosity contrast between emulsified OBM and native hydrocarbon smoothes the radial invasion front. Low native-fluid viscosity together with low S win in gas zones are responsible for an electrically conductive annulus as indicated by the radial distribution of electrical resistivity. Figure 21 shows the corresponding simulations of AIT resistivity measurements. We observe the largest relative separation of curves between the deepest-sensing (R90) and the shallowest-sensing (R10) AIT resistivity measurements in the water zone, whereas the smallest curve separation is observed within the partially gas-saturated zone. On the other hand, the partially oil-saturated depth interval with movable water exhibits the most pronounced separation of intermediate-sensing AIT resistivity curves (R20, R30, and R60). The sensitivity analysis shows that, even though AIT resistivity curves in the gas zone do not exhibit large separation among themselves, presence of a resistivity annulus would become more important for AIT measurements acquired in depth zones farther from irreducible water saturation. For completeness, the same simulation example was performed assuming no invasion. We found no separation of array-induction resistivity curves, thereby confirming that the separation of resistivity curves responded only to invasion and not to processing artifacts associated with the calculation of apparent resistivity.
Conclusions
Simulated spatial distributions of water saturation were highly influenced by the assumed properties of OBM and native hydrocarbon components. Such a situation caused high resistivity near the borehole wall, which was governed by: (a) capillary forces (in turn modified due to wetting properties of surfactants), (b) native and invading fluid viscosity, thereby affecting relative fluid mobility, (c) saturation zone (initial water saturation and residual fluid saturation), and (d) flow rate of invasion, We showed that fluid properties of drilling mud and native hydrocarbon affected apparent resistivity measurements under overbalanced drilling conditions. The process of OBM-filtrate with emulsified surfactants caused changes in the spatial distribution of electrical resistivity 10% to 15% larger than when invading with a water-and surfactant-free OBM, thereby causing measurable variability of the simulated AIT resistivity curves. Furthermore, the radial length of invasion decreased in the order of 45% to 55%. A radial water bank ensued when hydrocarbon viscosity was below 0.25 cp together with an absolute difference between S win and S wir less than 25%, giving rise to an electrically conductive annulus in the invaded zone. The latter annulus was more pronounced in gas-bearing than in oil-bearing zones.
For the case of OBM invasion, Archie's cementation exponent varies radially due to alterations of rock wettability and fluid mobility, whereas in water-base mud-filtrate invasion, water resistivity changes radially. In the process of WBM-filtrate invasion, fluid and formation properties are responsible for the separation of AIT resistivity measurements and, in some cases, for the presence of a low-resistivity annulus (George et al., 2004) due to differences of salt concentration between mud-filtrate and connate water. Therefore, in either process of invasion, the original electrical properties of the rock are altered in the invaded zone.
Initial water saturation became an exceedingly important parameter to reproduce apparent resistivity measurements in the presence of OBM-filtrate invasion, which allowed us to obtain a more reliable estimate of R t , thereby improving the assessment of in-place hydrocarbon saturation. Moreover, as in the case of WBM-filtrate invasion, presence of an annulus and large separation of resistivity curves indicated that the invaded formation was porous and permeable, possibly with good production potential.
The formation under analysis was a clastic sequence with high-porosity and high-permeability rock units. We warn that conclusions stemming from this paper may need to be adjusted for cases of low-porosity, low-permeability formations. Lowporosity rock formations often entail large capillary pressure effects and radially deeper invasion, thereby resulting in significant variability of apparent resistivity curves. However, the assessment method described in this paper can still be used to appraise the influence of OBM on apparent resistivity curves across invaded low-porosity, low-permeability formations. 
